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A number of coals of the  bituminous and sub-bitminous ranks have been 

ace ty la ted  a t  45"C, using a c e t i c  anhydride vapor at  a r e l a t i v e  pressure of  unity. 

Acetylation by t h i s  procedure gives hydroxyl contents leas than t h a t  determined 

by t h e  t r imethyls i ly l  e ther  method f o r  bituminous coa ls  but higher hydroqyl 

contents  f o r  sub-bituminous coalso 

with carboxyl groups t o  give mixed acid anhydrides and t h e  higher values obtained 

f o r  sub-bituminous coals is due t o  t h e  c a r b o w l  group content of such coals. 

Oxygen gas  catalyzes  t h e  ace ty la t ion  of sub-bituminous coals and u n t i l  the  e f f ec t  

of oqygen i s  invest igated i n  de t a i l ,  ace ty la t ion  of  lower rank coals  wi th  ace t i c  

anhydride should be done i n  the  absence of oxygen. 

It i s  suggested t h a t  ace t i c  anhydride reac ts  
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Introduct ion 

The hydroxyl contents  of c o d s  have bees xeasured by a number of  d i f -  
ferent, methods and the  residts af such vork have been swnmarized by Elom, 
Zd?lhailsen and V a n  Krevelen( 1). i n  genzral  methods using d i f f e r e n t  reageiits 
give d i f fe ren t  h y d r o q l  conteiits f o r  coals  of the  same r.-nk. Even i n  cdsas 
khers t h e  same re+,,snt has Seen emplcyed by d i f f e r e n t  invas t iga tors  t h e r e  i s  
not  ciosa agreemsnt on t h e  hydroxyl content. 

It i s  tP.e objec t  of  tiiis comxnictrtion t o  r5Sm-t some expeii.menta1 work 
JZ bitumino.x 2-n.d sub-bitmLious coels vharein the  coals  a r e  reacted a t  kSoC. witin 
gaseous a c e t i c  mhyilride a t  a re la- l ive prassure close t o  unity. 
t o  0th4r ecet;rlation work on coa l  using a c e t i c  a.rdiydride, the temperaturesain- 
$.G;-Y~ hare  a r e  mucn lower and tila radct ion times much longs?. Tha extent of 
the x a c t i o r .  i s  followed gravimetrically. 

3 conparison 

EQerLxental  

R p p r a t u s :  Yeasurements ware m d e  using LA33in-3akr balances housed i n  a air 
thernos t& held a t  45°C. 3.1". B e c x i e  of t h e  corrosive ndture of Acetlc m- 
h.yd=ide--acet,ic a c i d  ?riix;tures, s p i n g s  mde from f i n ?  tungsten wire  vere used. 
These spr ings had s e n s i t i v i t i e s  ransing fron 3.81 t o  L.86 milligrams per  mlli- 
meter extension. 
iciibh sampld m i g h t s  o f  t h e  order  of 500 milligrams the  precis ion i s  about one 
p a r t  i n  d 5housand. 

Cheliiicals: 
use and. s tored over  Drierite. 71.2 foliowing coals  of  bituminous rank were used: 
Upper Eittanning, Gpper Freaport, Pittsburgh, Sruceton and aruceton a n t h r q l o n .  
Tha coals o f  sub-bituminous rank were Wyoming (Zlkol), Xyoming (2ock Spriags),  
I l l i n o i s  IJo- 6 (Clinton), and I l l i n o i s  Mo. 6 (Jefferson) .  
;JyOfing (Rock Springs),  Bruceton, Bruceton a n t h r w l o n ,  and I l l i n o i s  No. 6 
(Jefferson) have been previously publ ished(  2). 
are given i n  Table I. 

Spring displacements were measured t o  0.1 mm using a cathatmeter .  

h c e t i c  anhydride, benzene, and pyridi,ie were f resh ly  d i s t i l l e d  before 

The analyses f o r  

The analyses f o r  t h e  other  coals  
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TzEe  I 

Ultimate Analyses (1-ioisture i’ree a a s i s )  

Coal C H N 0 s Ash 

Upper Kittanning 80.6 3.8 1.1 3.7 1.3 9.5  
Upper Freeport 78.7 4.3 0.9 4.6 1.7 9.3 
Pi t tsburgh 76.0 5.1 1.5 7.6 1.5 3’. 2 
Iniyort~ng ( E l k o l )  74.3 5.3 1.2 i5.2 ir.6 3.L 
I l l i n o i s  No. 6 (Jefferson) 65.2 1.9 1.2 10.1 4.0 l4.3 

The samples of Upper Kittarrlling, U?per Fresport, and P i t t s b u g h  codis a r e  standard 
samples of t h e  Coal Zesearzh Eoard, Colaionwealth of Fennsylvania, and were used 
as received. Samples of ‘#iyomining (3ock S?rir.gs), I l l i n c i s  XO. 6 (Jzf fe rsonj  and 
Brucaton coals  were furnished by she 3ruceton Sta t ion ,  U. 3. ?DP=Q of I i n e s  2r.d 
were used as received. Vyozing (3lkolj and I l i i n o i s  KO. 5 (CLinton) riere avai l -  
able  i n  bulk. 
used unsieved. 

These svnples were ground by passage t h r o u g  a h m e r  x i i l l  axi 

Irocedure: 
0.1 mg. and alloued t o  s tand o v e r k g h t  i n  a desiccator. The s a p l s s ,  a f t e r  beiag 
reweighed, were attached t o  t h e  spr icgs  m d  d o w e d  t o  stand f o r  one hour, with 
an atmosphere of air present,  t o  come t o  thermostat temperatwe. The ex temion 
o f ‘ t h e  spr ing was then measwed. 
had not changed during t h e  hour waiting period. 
and t h e  extension of t h e  sp,-ings measwed. 
weight in 8 hours, however evacuation was continued f o r  a miii>m of 2L, hours. 

The emples  of coal,  placed i n  s m a l l  g lass  buckets 7.i:Ys veizhed t o  

It is  assmed t h a t  t h e  weight of thp  s m p 1 ~  
The apparatus was then evacuated 

UsudLy s a q l e s  cme  t o  constsat  

After thc system w a s  closed off from t h e  punping system, z c e t i c  an- 
hyfiride was adai t ted a t  a r e l a t i v e  pressure of unity (about 12 m.) and the 
system allowed t o  starxi. Beadings of t i i a  s?ring exLansion iere taken .uti1 the 
weights of t h e  sample were p r a c t i c a l l y  c o n s t a t .  i C ,  t h i s  p i n t ,  t h e  systen was 
evacuated f o r  saveral  days axi  t h e  weight of t h e  sangle r,,aaswed. 
a c e t i c  aid?y-lride was thsn  re-adinitted arrd tila szqles allowed t o  s t m d  anti1 
t h e i r  weights reached a constant v&l?Ae. Zvacuation o f  t h e  system f o r  several  
days followed by measurenect of the  k-eights of t h e  svnples then gave tke i x r e a s e  
i n  xeight  of the sample due t o  acetylat ion.  
subjected t o  two consecutive anhrdride treatments before the  f i n a i  reading w a s  
taken. 
l i t t l e  o r  no increase i n  weight r e s d t e 6  from t h e  t h i r d  treatmznt with a c e t i c  
vlhydride. 

;~eec;us 

I n  most czses smples  of coal were 

I n  a few cases three  consecutive anhydride treetments were .s@oyed bcit 

Discussion 

Catalysis:  
so a number of q u a l i t a t i v e  experinents were made with I l l i n o i s  KO. 6 (Clinton) 
coal t o  detsrnine i f  t h e  r a t e  could be accelerated.  

The vapor phase ace ty la t ion  o f  coals  a t  45OC. i s  a very Slow p-ocess 

Coal i s  a g e l  and it i s  known tha t  fo r  o ther  gels,  such as cel lulose,  
a c e t i c  anhydride i s  a poor swelling agent and t h a t  f o r  c e l l d o s e  t h e  r a t e  of 
ace ty la t ion  can be increasod by t h e  use of su i tab le  swelling agents. 
havior of a c e t i c  anhydride with respect  to  cel lulose scggests t h e  use of swelling 
agents in  coal acetylat ion.  

The be- 

i.iethano1 swells coal. so several  experiinents :+ere ,made i n  which t h e  
coal beiore acetylat ion w a s  exposed t o  methanol vapor a t  45°C. and t h e  methanol 
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vapor iesorbed before acetylat ion.  
i n  acdtglat ion r a t e  was noted. 

Kethanol i s  revers ib ly  desorbed and no increase 

Pyridine swells coal  but pyridine i s  sorbed i r r e v e r s i b l y  by coal. 
Coal t r e a t e d  with pyridine vipor, evacuated, and then  acetylated showed an i.n.- 
creased rate of ace ty la t ion .  Unfortunately the  i r r e v e r s l b l e  sorpt ion of  pyridine 
is  la rge  and although the aiount of t h i s  i r r e v e r s i b l e  sorp t icn  on coal  can be 
measured accurately,  it i s  not possible  t o  a s s m a  t h a t  t h e  amount o f  pyridine 
sorbed i r re-rers ibly by t h e  coa l  does not  char,se as t h e  c o i l  i s  acetylr ted.  
tkis rzsson the  o v e r d l  weight chaqge rnight not be a measure of t h e  extent  of 
acetylation. 

For  

Benzeni vapor a t  45°C. i s  i r r e v e r s i b l y  sorbed by coal  i n  amounts 
ranging frm 0.0 t o  23.4 milligrams p e r  gram of coal. 
benzene vapor, evacuated, and then acetylated appezrs t o  ace ty la te  fas te r .  

A coal  ssuple  exposed t o  

However, t h e  increase  i i i  rate of  ace ty la t ion  i s  not s t r ik ing .  

Consequently tfii experirnents m2de here used a c e t i c  anhydride d o n e .  
As a consequence of t h e  ace ty la t ion  reac t ion  a c e t i c  acis. i s  present and serves 
t:, some extent  as a swelling agent. On I l l i n o i s  No. 6 (Clinton) coal  it has 
been shown t h a t  a c e t i c  a c i d  vapor i s  revei-sibly desorbed on coal  previously 
acetyiated with a c e t i c  h y d r i d e .  

-- Effec t  sf O ~ g e n :  
cozls  o f  bituminous r i n k  gave reproducible increases  i n  weight within 2 53, the 
coals  ~f sub-tjit7minous rank would sonetimes g ivs  high values and i n  other  ex- 
p e r i r ~ ~ e n t s  low values. Aithough a l l  sam>les wsre evacuated f o r  at  least  24 hours 
using a two sta.ge uercury vaqor p ~ ~ p ,  t h e  syzten could not be baked out and small 
b1.1.t var iablz  vlorrnts of oxygm might be present i n  ind iv idua l  s e t s  of experiments. 
Shenever a small arount o f  oxygen, 5 m., w a s  added t o  the  system t h s  r e s u l t s  
becane more r e p r o d u c i b l e  and i t  appears, f o r  subbituminous coals,  sqrFen has a 
c a t a l y t i c  effect .  However t h e  presence of oxygen introduces the p o s s i b i l i t y  c f  
Ln oxidation of t h e  coal. To check th i s  point f i v e  s3a l  samples a f t e r  the  uscal  
evecuation were exposed t o  5 m. of o q g e n ,  with no b j d r i d a  present,  f o r  a 
period of 2 1  days. 
t h e  increases  i n  weight a f t e r  evacuation. 

I n  carrying out  t h e  a c e t y h t i o n s  i t  was noted t h a t  w'nile t h e -  
, 

The experimental r e s u l t s  a r e  tabulated i n  Table I1 and are  

Tabla Ii 
Oxidatior, of Coals; 5 inn. 02, 21 days a t  45°C. 

Coal Upger Upper P i t t sburgh  I l l i n o i s  'dyoming 
Il i t tarJling Freeport (Clinton) . (Elkol)  

Wt. .Increase 4.1 1.8 2.0 11.2 13.5 
mg/gram 

It w i l l  be noted t h a t  t h e  f i r s t  th ree  coals 03 bituminous rank show l i t t l e  6r no 
change i n  veight. 
( E l k o l )  show r e l a t i v e l y  g r s a h r  changes in weight. 
e q e r h e n t s  were nagl ig ib le  and it was concluded t h a t  o-ddation under t h e  ex- 
p e r k e n t a l  conditions used was a very slow prscess  r d a t i v e  t o  t h e  slow 
ace ty la t ion  react ion.  

Acetylatior.: Kost of t h e  ace ty la t ion  e q e r i n e n t s  were aade with 5 mn of oqgen  
present  but s u f f i c i e n t  d a t a  with no added o-xygen a r e  avai lable  t o  ind ica te  t h a t  
t h e  presence of oxygen has l i t t l e  o r  no e f f e c t  on t h e  weight increase r " o ~  

The t w o  sub-bitwinous coals,  I l l i n o i s  (Clinton) 2nd. :4r>-oming 
Pressure changes during these 
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bituminous coals. 
data a re  a l l  fo r  experiments a t  45"C., kiith a r e l a t i v e  pressure of a c e t i c  anhydride 
of un i ty  and incll.de, i n  t he  average weizht increase, e-xperinents with and htthout 
added oqgen. 
a c e t i c  anhydride and i n  some cases three  consecutive treatments. 
the individual values from the average i s  7d th in . t  5%. 
from 23 t o  37 days. 

The ace ty la t ion  da ta  are tabulated i n  Table 111. These 

All sanpl2s were given a t  l e a s t  two consecutivs treatments with 
The spread of 

Reaction times ranged 

Table I11 
Acetylation Data (45°C.) 

coal  

Upper Kittanning 
Upper Freeport 
Pit tsburgh 
Bruceton P n t h r q l o n  
Bruceton 
I l l i n o i s  No. 6 (Clinton) 
I l l i n o i s  No. 6 (Jefferson) 
Ttryoming (Rock Springs) 
'rlyoming ( U o l )  

Average W t .  Increase (aiiliigrams) 
gram 

32 
3c 
ur 
1 3  
78 

4 0  
158 
143 
175 

Calculation of Hydroml Content: 
of the  coal sample i s  caused mainly by replacement of a hydrogen ator? from an 
hydroxyl group by the  ace ty l  rad ica l  then the weight increase divided by 42 -.iiU. 
give m i l h o l e s  of hydroxyl groups per gram of coal (m.f. basis) .  The implicatioils 
of such an assumption w i l l  be discussed. Processes leading t o  -3 weight increase 
other than replacement of hydrogen b j  the  ace ty l  group might be 1. I r r eve r s ib l e  
sorption of a c e t i c  anhydride, 2. I r r e v e r s i b l e  s o z t i o n  of ace t i c  ac id  resultTLng 
from the  acetylation process and 3. Fteaction of a c e t i c  acid k<th salts of weak 
acids, such as pyr i tes ,  present in  the coal. There i s  no incependent evidence 
xhich indicates the  magnitude s f  i r r e v e r s i b i l i t y  of a c e t i c  anhydrida sorption on 
coal. 
anhydride i s  already l o w  r e l a t i v e  t o  the values obtained 5,- other  methods fo r  
coals of t h e  bi tminous  rank. 
t o  make these vaiues lowar still. 
tha t  ace t i c  s c id  sorption i s  revzrs ib le  on acetylats6 I l l i n o i s  coal. 
suggests t ha t  the amount of  a c e t i c  acid trapped must be sudd. 
ace t i c  acid with py r i t e s  can be assumed t o  giva sulfur, i ron  ace ta te ,  and hydrogen 
su l f ide .  
weight Licrease would be aromd 2.9 niilligrams per gram or' coal i f  hydrogen sul- 
f ide  i s  l o s t  cn evacuation. Frorc other experiments it i s  known t h a t  the zvaporation 
of elemental su l fu r  a t  45°C. is very slow. 

Is' it is sssume-d Gnat the  increasa i n  weight 

However the-hydroxyl content as c a l c d a t e d  assuming no trapped a c e t i c  

The e f f ec t  of trapped a c e t i c  anhydride would be 
WLth regard t o  a c e t i c  ac id  it has been shown 

T h i s  f a c t  
Tce reac t ion  of  

Assuming a 500 milligram sample containing 1% o f  i r o n  su l f ide ,  t he  

?or four of the  coals used data on the  hydroxyl content a r e  ava i lab le  
as determined by the  t r h e t h y l s i l j - 1  e ther  method(2). 
with the data obtained by acetylation i s  given i r i  Table IT. 

A corngarison of these dat2 
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Table IV 

H y d r o x y l  Content of Coals ( m i l k h o l e s  per gram) 

Coal Acetylation (Vapor) Tr imethyls i ly l  E the r  ’ 

Bruceton Anthraxylon 0-3 
Bruceton 1.9 

Illinois No. 6 ( Jef fz rson)  3.8 
Wyoming (Rock Springs) 3.4 

2.3 
2.3 
2.8 
3.4 

For the  bituminous coa l  the hydrowl  content ds detemuned by acetyla- 
t i o n  is lower than t h a t  obtained by t h e  t r ime thy l s i ly l  e the r  method. 
t h a t  ce r t a in  s t e r i c a l l y  hindered hydroxyl groups r eac t  very s l o w l y  with ace t i c  
anhydride. Or. t he  o ther  hand thr: h y d r o q l  content 2s determined by ace ty la t ion  
is higher for  tiro sub-bitminous coals. 
polycyclic s t ruc tu res  photo-ofidize r ead i ly  i n  ttie presence o f  a c e t i c  anhydride 
and oxygen such a reac t ion  i s  excluded here because 1. Acetylation experiments 
wi th  l i g h t  excluded gave about t h s  same weight increases as w i t h  l i g h t  present 
and 2. No decrease i n  pressure  caused by o-wggen conswption was observed. 
it i s  b c w n  t h a t  sub-tituminous coals contain carboxylic aciZ groups and t h e  
p o s s i b i l i t y  exists t h a t  :Vi.th sub-bituminous coals ace t i c  anhrdride reac ts  with 
ac id i c  groups t o  f o m  mixed anhydrides i n  addition t o  reac t ing  with hydroxyl 
group3 t o  form es te rs .  
more rapidly at a given ternperature than the  es te r .  Accordingly a se r i e s  of 
f i v e  coals were acetyl37;ed and then exposed t o  water vapor a t  20 mm pressure a t  
45°C. The r e s u l t s  of t hese  hydrolysis experiments a re  shown i n  Table V. 

One presumes 

Although it i s  knoin;(3) t h a t  ce r t a in  

i-IoweveP 

The mixed h y d r i d e  would be expected t o  reac t  with wdter 

Table V 
Hf l ro lys i s  of Acetylated Coals (45°C.) 

coa l  

Upper Kittanning 

Upper Freeport 

P i t t sburgh  

I l l i n o i s  No. 6 
(Clinton) 

Wyoming (Elkol) 

Exposure Time Relative %eight 
H20 (20 UUU.) 

0 hours 
1 
3 

22 
70 

0 
1 
3 

22 
70 

0 
1 
3 
22 
70 
0 
1 
3 

22 
70 
0 
1 
3 

22 
70 

1.00 
1.00 
1.06 
1.00 
0.90 
1.00 
1.10 
1.15 
1-15 
0- 89 
1.00 
1.08 
1.08 
1.08 
1.00 
1.00 
0.95 
0-95 
0.91 
0.86 
1.00 
0.94 
0.92 , 

0.90 
0.81 
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Conparison of these da ta  ind ica t e  t h a t  the  three  Situmirous coals Shoh small 
changes i n  height on trectment with water even f o r  periods a s  long .is 70 hours. 
This i i ldicates t h a t  the e s t e r  grodp present i s  rela+,ively s tbb le  t o  the  ac t ion  of 
water vapor. 
i n  weight under the  came conditions. It appears prs tab le  t h a t  ace ty la ted  sub- 
bituminous coals contain groups which d i f f e r  i n  t h a i r  behavior 1 5 t h  respect t o  
water s t a b i l i t y  and a s  has been merationed the  mixed anhydride group from i ts  known 
properties wo1d.d f u l f i l l  this requirement. Acetylates sub-bituminous coals w x l d  
contain ace ta te  e s t e r s  an6 mixed anhydrides. 

Su-nrary 

On the  other hand the  two sub-bitminous coals show g rea t e r  decreases 

A number of coals of the  bituminous aiiri scb-bitminous ranks have been 
acetylated a t  45°C. usk.g a c e t i c  anhydride vapor a t  d r e l a t i v e  pressure of unity. 
Acetylation by t h i s  procedure gives hydroqrl contents less ihvl t h a t  detemined 
by the  t r ime thy l s i ly l  e the r  method f o r  bituminous coals but higher hydrox;;l con- 
t e n t s  f o r  sub-bituminous coals. 
with carboxyl groups t o  give r ixed  acid snhydrides and tine higher values obtained 
f o r  sub-bituminous coa l  i s  due t o  the  carboxyl group content of such coals. 
ilxygeri gas catalyzes the acetylatio ' i  of sub-bitmkous coals .ad u n t i l  t he  e f f ec t  
of oxygen i s  investigated i n  d e t a i l ,  ace ty la t ion  of lower rank coals with ace t i c  
anhydride should be done i? t he  absence of oxygen. 

It i s  suggested t h a t  ace t i c  a r i j d r i d e  r eac t s  

- 
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